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Design, Development, and 
Testing of an Automated 
Window Sliade Controller 
An approach to the design of active window shades is developed to control the direct 
solar gain through a window. Using simple actuation hardware and sensors, a control 
strategy is presented that automatically adjusts window shades to save HVAC energy 
by controlling direct solar radiation passing through a window. The control algorithm 
is based on a simple approach that admits direct light in the winter and blocks the 
direct light in the summer, while providing shade adjustment that affords maximum 
visibility through the window. Cloudy skies or indirect sun result in horizontal place-
ment of the shades, and the shades close at night. The implementation uses two thin-
film photovoltaic cells as sensors and a control algorithm that is independent of the 
window orientation, latitude, or solar time, so that it operates properly in any installa-
tion location. Preliminary analytic and test results show significant energy savings 
when the automatic window shades are compared with a window without shades, 
and with a window outfitted with fixed horizontal shades. 
Introduction 
Windows have a significant impact on building energy usage. 
In the U.S. about five percent of national energy usage is attrib-
utable to windows (Selkowitz, 1984). One reason that windows 
affect energy loads is due to the greenhouse effect. Objects in 
the room heat up by absorbing visible radiation coming through 
the window and emit radiation at longer wavelengths. Ordinary 
window glass is opaque to the infrared radiation and traps the 
energy inside the room (Mills and McCluney, 1993). Signifi-
cant savings can be realized if the heat gain associated with the 
visible light passing through a window is controlled. 
There are many new window technology developments which 
control heat gain through a window, such as gas-filled windows 
and electrochromic windows. The main drawback of these new 
technologies is expense (Skerrett, 1993). Some of the new 
window technologies give very promising results but need more 
time to become commercially viable. Problems with new win-
dow technologies also include leaky window frames, hazy 
views, and the difficulties involved in retrofitting windows for 
electric operation. 
A more common and less expensive way of controlling heat 
gain through a window is the use of draperies or blinds. Of 
the three components of solar radiation entering through the 
window—direct beam radiation, diffuse radiation, and ground-
reflected radiation—the one with the largest energy content is 
the direct beam radiation. This radiation passes through the 
window to heat the interior of a the building, and is also the 
component of radiation which blinds and draperies can control. 
Venetian blinds are an ideal way of controlling the direct solar 
radiation which enters a room through windows, because the 
louvers can be adjusted to almost any angle to influence the 
lighting and heat gain conditions. If used correctly, Venetian 
blinds can be very effective in the reduction of building energy 
loads (Mills and McCluney, 1993). 
The feature that makes the use of Venetian blinds attractive 
in terms of energy savings is the adjustability of the slats. This 
same feature, however, can be detrimental to energy savings 
when used improperly. Venetian blinds require frequent adjust-
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ment to achieve an optimum balance between energy perfor-
mance and occupant comfort. However, blinds are often ad-
justed to regulate a particular lighting condition, and then 
left in a fixed position for long periods of time (Rubin et al , 
1978), resulting in less than perfect energy transfer through the 
window. 
Ideally, an automatic, adjustable shading device is desirable 
to constantly monitor and adjust the blind louver angles. This 
device must be inexpensive, reliable, and able to optimize both 
the illumination and solar gain that comes through a window. 
The use of horizontal louvers to improve the energy transfer 
and daylighting aspects of fenestration (Kinney and Reynolds, 
1983). These studies used manual control for positioning spe-
cially developed shades in order to achieve improved day-
lighting and heat transfer through the windows. Attempts have 
also been made to develop automatic Venetian blind controllers 
using various measured environmental parameters, such as in-
side and outside temperatures (Bilgen, 1994). Equations are 
also available to calculate the angle of the sun as a function of 
time for every possible window orientation, location, and time 
of the year (DiLaura, 1984; Duffie and Beckman, 1991). How-
ever, the overall energy performance of a window is a complex 
tradeoff between heating, cooling, and lighting loads, interior 
and exterior temperatures, season of the year, time of day, build-
ing occupancy, personal comfort preferences, and outside 
weather conditions. This set of variable conditions and parame-
ters makes it difficult to devise a universal strategy for automatic 
control. Individualized control schemes based on a clock input 
for solar tracking are complicated by the need for adjustment 
and calibration based on the latitude, orientation, and time zone 
of each installation. 
In order to avoid reprogramming control parameters for every 
window installation, an approach is developed in this work that 
results in a practical and flexible control algorithm that will 
operate effectively in any location and in any orientation. Al-
though the objective of the control approach taken is primarily 
to produce savings in space-conditioning energy, the strategy 
presented will also tend to allow the influx of maximum amount 
of diffuse outside light for interior illumination. 
In the following sections, the control strategy will be intro-
duced, the control algorithm will be developed, experimental 
hardware will be described that has been used to put the control 
algorithm into operation, and results of analysis and testing will 
be presented that support the viability of the approach. 
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Control Strategy for Saving Space-Conditioning 
Energy 
The approach to shade automation presented in this work is 
based strictly on the regulation of the direct solar gain to reduce 
space-conditioning energy loads in the building. Significant sav-
ings can be achieved by simply admitting and rejecting direct 
solar gain. Most buildings have an internal temperature control 
system that heats and cools in order to maintain a desired set 
temperature. Heating and cooling schedules generally operate 
at well-defined intervals—winter and summer. Energy savings 
can be accomplished most effectively if the direct solar radiation 
is admitted when the building is being heated, and rejected 
when the building is being cooled. 
Considering a shading strategy aimed only at saving HVAC 
energy, two modes of operation are defined that result in the 
maximum energy savings for the direct radiation component of 
the window heat transfer. During the winter, direct beam radia-
tion must be admitted for use in reducing the heating load of a 
building and for allowing the maximum natural illumination 
into the room from the outside. During the summer, direct beam 
radiation must be blocked to reduce the heating load, but as 
much diffuse and reflected light should be allowed in the build-
ing as possible in order to reduce the heating generated by the 
lighting load. These modes of operation will reduce building 
envelope energy requirements while maintaining occupant com-
fort. 
One possible approach for saving HVAC energy is to fix a 
set of blinds in the closed position throughout the period for 
which the building is cooled. This will prevent the admission of 
direct solar gain and reduce consumption of space-conditioning 
energy, but this strategy does not allow the occupants to see 
out, and does not allow outside ambient light to enter. These 
objectives, occupant visibility and interior illumination, must 
be satisfied by opening the blinds, either horizontally for visibil-
ity or at some other angle that allows a maximum amount of 
light to enter. 
Similarly, removing the blinds during winter accomplishes 
the goal of maximum solar input, but does not provide for night 
time privacy or other personal comfort issues, such as the ability 
to control glare in the winter. Note, however, that reducing 
winter glare also results in blocking direct solar gain which may 
increase heating energy costs, emphasizing the fact that absolute 
energy optimization is a complex set of trade-offs. 
In order to achieve energy savings during the winter, the 
blind angle must be continuously adjusted to be equal to the 
solar altitude angle. This allows maximum direct beam radiation 
into the building, and permits a maximum amount of light to 
enter the room for illumination. In addition, as the blinds are 
adjusted to the low winter solar angle, the room occupant is 
afforded substantial outside visibility. 
During the summer the window should block out all direct 
beam radiation while allowing as much diffuse and ground-
reflected radiation to enter the window as possible. This type 
of operation will reduce the cooling load by preventing the 
direct solar radiation from entering the building. However, be-
cause the shades are open as much as possible while just 
blocking the direct rays, a maximum amount of interior illumi-
nation is provided by diffuse and ground-reflected radiation, 
and the occupant is permitted maximum visibility through the 
window. 
The summer and winter operational positions are shown sche-
matically in Fig. I. When the window does not receive direct 
solar radiation, such as on cloudy days or when the sun has 
moved to a location of the sky not directly facing the particular 
installation, the optimum position of the blinds in both modes 
will be specified as open to a horizontal position. This provides 
the room occupant with maximum outside visibility and allows 
the ingress of diffuse outdoor illumination. 
Winter Mode 
Admit Direct Light 
Summer Mode 
Reject Direct Light 
Outside 
Window 
Pane 
Fig. 1 Definition of summer and winter control modes 
Overnight the blinds should remain in a closed position to 
provide the building occupants with privacy and to reduce the 
radiant heat exchange through the window. Regular window 
glass provides little resistance to this heat transfer, and while 
the effectiveness of blinds as a heat barrier may be marginal, 
the closed blinds do provide an additional barrier to the radiant 
heat transfer. 
A window equipped to automatically respond to lighting con-
ditions according to the two operational modes, along with the 
standby positions for night, clouds, and indirect illumination, 
will provide the best adjustment possible from the standpoint 
of saving space-conditioning energy. Because total absolute 
savings will involve evaluation of costs and heat generation 
associated with interior lighting, the simple, two-mode approach 
described may not always provide absolute optimal energy per-
formance. For instance, there may be operating conditions 
where the summer mode could block direct rays and reduce the 
natural interior illumination, necessitating increased artificial 
lighting and the associated heat generation. A complete evalua-
tion in this case would involve complex trade-offs including 
such factors as local energy costs, air conditioning and lighting 
efficiencies, and reflective characteristics of the shade and ceil-
ing surfaces. In the two-mode approach presented here, the 
energy intensive direct solar gain will be accepted or rejected 
according to the season, the shades will default to horizontal 
on cloudy days, and will close in the evening and open in the 
morning. Only one adjustment needs to be made by the occu-
pant, and that is to switch between modes as the seasons change. 
Experimental Hardware 
The automatic window controller must be able to perform 
the basic functions as described with the minimum equipment 
and expense. The experimental hardware used here is shown 
schematically in Fig. 2. In this setup, a small DC motor is 
attached directly to the lower operating rail of the blinds through 
a set of reduction gears. Currently, a small permanent-magnet 
motor is used that is rated for electrical operation between six 
and twelve volts, with a 7000 RPM no-load speed and a stall 
torque of 1.0 oz-in. at 12 volts. A set of reduction gears with 
a ratio of 300:1 between the motor and the bottom rail of the 
shades allows full motion of the shades, closed to open, in 
approximately two seconds. The motor is powered by a 12 volt 
DC electrical supply and is controlled using a personal computer 
and a digital data acquisition and control board. 
Two thin-film photovoltaic semiconductors, or photocells, are 
used to provide input to control the angles of the shades. One 
photocell is mounted outside the shades and the other is 
mounted inside the shades. In the experimental configuration 
used, the motor, gears, blinds, and sensors are placed between 
two panes of glass on the window. This protects the system 
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Power Supply 
and Amplifier 
Fig. 2 Control components for the experimental setup 
from dust, and the inside pane of glass is used as a mounting 
location for the inside photosensor. Some added insulation is 
also provided by the inside pane. Both photovoltaic cells face 
outward to sense incoming radiation. 
Controller Design 
The control laws that achieve the two operational modes are 
based on the response of the photocells to the incident light, 
although each mode uses different features of the photocell 
response. A discussion of the typical photocell response will be 
presented, followed by development of the winter and summer 
mode control laws. 
A typical response for a photovoltaic cell located behind the 
blinds is shown in Fig. 3 for a southeast facing window. This 
orientation has been chosen to provide periods of both direct 
and indirect sunlight conditions over the course of the day. The 
voltage generated by the photocell is a nonlinear function of 
the light falling on the cell. As the blinds are moved from - 9 0 
to +90 deg, the light falling on the photocell moves from a 
minimum when closed, to a maximum as the blind angles reach 
the solar altitude angle, and then back to a minimum as the 
blinds close in the opposite direction. Measurements for each 
curve in the figure were taken at various times throughout the 
day. The important feature of the curves shown is that there are 
distinct voltage peaks that occur when the shades and the solar 
angle are equal. For instance, the voltage curve taken three 
hours past sunrise reaches a maximum at a blind angle of ap-
proximately 24 deg, which was equal to the solar altitude at the 
time the data was taken. 
Figure 3 also shows that the general shape of the response 
of the photovoltaics to blind motion varies during the day. Dif-
ferent peak magnitudes are reached due to changes in light 
intensity, and a different shade angle corresponds to the peak, 
due to the apparent motion of the sun. Notice that the shade 
angle corresponding to the maximum voltage moves in the first 
six hours after sunrise, due to the motion of the sun. In each 
case—one, three, and six hours after sunrise—positioning the 
shades at the maximum voltage point allowed direct sunlight 
through the window. However, as the sun moves into a position 
in the afternoon that does not allow direct insolation into the 
southeast facing window, the peak location moves to a point 
near zero deg, corresponding to the horizontal placement of the 
shades. 
Winter Mode Of Operation. The response of the inside 
photovoltaic sensor can be used as the basis of a simple control 
law for the blinds operating in the winter mode. Because the 
objective is to position the shades to admit maximum light, the 
control algorithm developed searches for and follows the loca-
tion of the maximum voltage. This is accomplished by looking 
at the gradient of the relationship between the photocell voltage 
and the apparent shade angle and using the zero-gradient posi-
tion as the set point for an output error controller. The controller 
uses finite difference approximations for the continuous control-
ler developed here. 
The apparent shade angle is defined as the relative angle 
between the solar angle and the shade angle: 
P = ^sun ~ ^shade • ( 1 ) 
The desired position of the shades in the winter mode is to 
have zero apparent shade angle. Moving the shades to find the 
position for which the slope of the photocell voltage output is 
zero results in equal shade and sun angles, and allows the maxi-
mum amount of direct sunlight to enter the room. 
Both the motion of the sun and the adjustment of the shades 
affects the photocell output voltage: 
Vp„ - f{9) - / ( ^ s h a d c ~ ^sun)- (2) 
Here, /(^) is the variable functional relationship shown in Fig. 
3. For controlling the shade position, the commanded motor 
position is proportional to the slope of the voltage function 
relating the apparent angle and the photocell voltage: 
K 
dV (3) 
where 
A,„ = motor step size 
V = photocell voltage 
0 = apparent shade angle 
K = constant gain. 
In the approach taken here, the controller takes advantage of 
the fact that the time scales for change of the sun and shade 
angles are very different. Change in the apparent angle caused 
by motion of the shades occurs quickly, while changes caused 
by motion of the sun occurs slowly. The time rate of change 
of the apparent shade angle can be expressed as two parts, and 
because of the difference in the scale of the relative rates of 
Hours from Sunrise 
Shade Atigle (degrees SxmbanaxtBi) 
Fig. 3 Response of ptiotovoltaic output voltage to clianges in shade 
angle 
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change between the angle of the sun and the angle of the shade, 
each part can be considered separately: 
m 
dt 
oe,, 
dt 
(4) 
When the motor moves the shades, the gradient can be com-
puted directly from the measured voltage change and position 
change, because the motion of the sun is very slow compared 
to motion of the shades. 
A^ = K dV K * A/ 
(a«„, A* A6i,t 
K AV 
Ae. 
(5) 
Changes in voltage, A V, are measured with the data acquisition 
equipment and the computer, and changes in the shade position, 
A s^hade, are commanded by the computer and have a known 
value. The change in motor position. A,,,, is computed and 
applied to the window. 
In the current implementation, the gain K used is very low, 
so that the motor moves in small steps when adjustment is 
necessary. This small stepsize allows the inside photosensor 
voltage to gradually climb to the peak of the curve in Fig. 3. 
Once at this peak position, sensor voltages are sampled continu-
ously to detect changes in the photosensor voltages caused by 
changes in the outside lighting conditions. 
When the motor is not moving the shades, only changes in 
outside lighting conditions, such as motion of the sun and cloud 
cover, contribute to the change in sensor voltage. The automatic 
window responds by changing the shade position, and the direc-
tion and magnitude can be computed using the knowledge that 
the shade has not moved: 
A,„ = K dV s K AV Ar 
A? A6I,, (6) 
The rate of change of voltage, (A W Af), is computed using 
sensor measurements and the elapsed time. While the actual 
value of the rate of change of the solar angle, (Af/A9si,„), 
varies over the course of the day, including going through a 
sign change at solar noon, an estimate of 10 deg per hour is 
used to compute the initial motion of the shades when motion 
is initiated by changing lighting conditions. The direction of 
motion, which corresponds with the sign of (A;/ASs„n), is de-
fined to be in the direction of the last commanded motor position 
change. This provides a proper starting motion for the shades 
in response to changing position of the sun, except near the 
solar zenith. 
Incorrect initial movement of the shades may result from 
lighting conditions caused by cloud cover, and around solar 
zenith, but this will be corrected as the control system uses Eq. 
(5) to search for the peak voltage position. In the experimental 
implementation of the winter mode of operation, the positioning 
of the shades has been very accurate. While the voltage gradient 
at the optimum position is small, the drop off of the voltage on 
either side is easily detected. Even on cloudy days, the shades 
find a position corresponding to a peak voltage, although there 
may be a slight bias toward the relatively brighter sky. 
Summer Mode of Operation. For the summer mode of 
operation, the blinds must open as far as possible while blocking 
out the direct solar gain. Assuming that the shade louvers are 
thin, flat slats, with width equal to the spacing, the angle of the 
shades that just blocks the direct rays of the sun is given by 
= 90 - 2*6,, (7) 
This equation could be used in conjunction with the winter 
mode to first find the angle of the sun, and then set the blinds at 
the proper angle for the summer mode. However, this approach 
necessitates periodic opening of the shades prior to setting at 
the correct position, resulting in lower energy savings and dis-
tracting motion of the shades. 
On the voltage output curves in Fig. 3 the optimum direct-
ray blocking angle is not well defined on the voltage function, 
rather, a gradual voltage increase occurs from closed position. 
Therefore, a different approach is used to control the summer 
mode operation. Experimental data was taken to find the inside 
and outside photovoltaic sensor voltages when the blinds were 
adjusted to the correct angle. The louver angle was adjusted by 
hand until the direct sunlight was just blocked, and open-circuit 
voltage readings were taken. The data from these tests can be 
seen in Fig. 4 for a southeast facing window. Once again, the 
orientation for the window was chosen to provide both direct 
and indirect sunlight at various parts of the day. Although this 
data was taken in April, the objective of the summer mode of 
operation is to position the shades to block direct-beam radiation 
regardless of the incident light angle and installation orientation. 
This mode may be used at any time during the year, for instance, 
to reduce glare from low-angle incoming light. The important 
information provided by Fig. 4 is that, with exceptions occurring 
in early mornings, late afternoons, and on cloudy days, a consis-
tent ratio of approximately 0.80 to 0.85 corresponds to the 
desired position of the blinds. 
The ratio of inside-to-outside voltage is used as the set point 
for the summer mode control algorithm: 
Vi„ (8) 
The change in motor position computed using the difference 
between this ratio and the set point 
A„, = K{R,, R). (9) 
Here, R^a is the desired inside-to-outside voltage ratio deter-
mined experimentally. If the ratio increases, it means that direct 
light is falling on the inside sensor, and the blinds are com-
manded to close. When the ratio is too low, it is an indication 
that there is too little diffuse radiation falling on the inside 
sensor. In this case, the shades are opened until the ratio again 
reaches the set point. The motor changes the position of the 
shades until the ratio error moves to zero. 
As can be seen in Fig. 4, the voltage ratio at the optimum 
blind position is not exactly constant, varying most during the 
hour after sunrise and the hour before sunset. For the southeast-
facing window, the light levels at sunrise are of low intensity 
and strike the sensors obliquely. At this time the optimum louver 
angle is almost closed, but with little diffuse radiation reaching 
the inside photovoltaic cells, the voltage ratio at this shade 
position is lower than the prescribed R^a- When the controller 
adjusts the shade angle to maintain the ratio set point, some 
Fig. 4 Ratio of inside to outside ptiotovoitalc voitage for a soutlieast-
facing window 
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direct beam radiation enters the building envelope, striking the 
inside sensor and raising the ratio. However, due to increased 
atmospheric absorption when the sun is near the horizon, the 
intensity of the small amount of direct beam radiation that enters 
the building during these periods is low, and the energy transfer 
is small. 
When there is no direct sun striking the window, as in the 
late afternoon for the data in Fig. 4, the low ratio again causes 
the controller to open the shades in an attempt to allow more 
light to fall on the inside sensor. In the summer mode, however, 
there is never any reason to allow the shades to move past 
horizontal, even when the sun is above the 45-deg altitude that 
corresponds to this shade position. Even though it is possible 
to move the shades past horizontal and still block out direct 
sun, allowing this action to occur reduces the incoming diffuse 
illumination, restricts the view of occupants, and offers no en-
ergy advantage. Therefore, the shades are limited to opening 
no further than horizontal in the summer mode. 
As dusk falls, the voltage falls drastically on the outside 
photocell, and a lower threshold can be determined that signals 
nighttime operation. The shades are commanded closed until 
the dawn, when rising light levels signal a beginning to a new 
day of automatic operation. Thus the voltage signals provided 
by the two photocells yield effective control information that 
can be used to regulate the flow of energy through the window. 
Implementation Issues in Effecting Shade Motion. The 
algorithm implemented is a discrete-time feedback control sys-
tem with a fixed sample time. The input to the system in both 
modes is primarily the motion of the sun, although cloud activity 
will also affect the voltage reading from the sensors and will 
initiate motion of the shades. In both modes, the control activity 
attempts to move the shades in order to find a zero-reference 
position, either the zero slope of the voltage function in the 
winter mode or the zero ratio error in the summer mode. Me-
chanical aspects of the experimental system, such as friction, 
resolution of the shade angle sensor, and finite word length of 
the AID and DIA, limit the smallest shade angle change that 
can be commanded. This quantitization of the shade motion 
will cause limit cycles around the zero-reference points as the 
small error changes sign. In order to prevent annoying hunting 
motion of the shades, a threshold level is established for ' 'zero.'' 
Errors below this threshold do not cause motion. This threshold 
level must be determined experimentally to provide a balance 
between exact shade position and stability of the shade system. 
A second threshold level that must be established is the value 
offset, the ratio used in the summer mode. Although this param-
eter does depend on both the solar angle and the intensity of 
the incoming direct light, a single value can be established that 
will fully block the high intensity, direct solar rays. This value 
may be suboptimal at times of hazy sunlight or at oblique light 
angles, and the shades may tend to close slightly further than 
the optimal position. Over-closing the shades, however, does 
not impose a penalty on the energy savings in the summer 
mode, although there will be some loss of incoming diffuse 
light and a reduction in visibility out the window. 
Finally, the sensor voltage used to signal night time must be 
established. Finite values of the AID conversion along with the 
need to eliminate motion caused by internal or external lights 
require some experimentally substantiated lower value for this 
threshold. 
Each of the values for thresholds as well as the value for 
the set-point ratio in the summer mode are dependent on the 
equipment used to measure and move the shade system. How-
ever, once these values are determined for a particular choice 
of sensors and actuator, no adjustments are needed to tailor the 
automatic system to a particular orientation. 
Analytic and Test Results for Energy Savings 
The control scheme described has been implemented in a 
portable window for testing. Shade position and voltage data 
were collected for several window orientations in order to estab-
lish values for gains controlling the motor and voltage threshold 
values. The position of the motor-controlled shades was moni-
tored to subjectively assess the controller performance. Adjust-
ments were made until the performance of a single set of control 
parameters was satisfactory in each in the various orientations 
for both the summer and winter modes. 
In order to substantiate the energy savings of the control 
approach described, and to identify window orientations of par-
ticular interest for further testing, preliminary calculations have 
been made for the amount of direct solar gain through a vertical 
window opening over the course of a year. In these computa-
tions, the effect of controlling the window shades in the two 
modes described previously is compared to the energy admitted 
through a window fitted with fixed, horizontal shades. Other 
comparisons are possible, for instance with no shades at all, but 
this shade configuration was chosen as one that allows evalua-
tion of the controller effects over fixed shades and provides 
minimal viewing obstruction for occupants. 
Computations relating the daily solar radiation with the solar 
angle and window orientation have been developed and modi-
fied to compute the projection of direct solar power through a 
normalized window opening. For a window outfitted with fixed 
horizontal shades that have spacing equal to their width, 
I, = h, + /fc,*sin (6i,)*cos (Ir,, - y | ) , (10) 
where 
/, = total hourly insolation on window with horizontal 
shades, Watt/m^ 
Idt = diffuse and ground reflected radiation, Watt/m^ 
h, = beam radiation on vertical surface, Watt/m^ 
9^ = solar zenith angle 
js = solar azimuth angle 
7 = surface azimuth angle. 
Using the active window, the insolation during the summer 
mode can be assumed equal to the diffuse and ground reflected 
component, because the window blocks direct gain: 
lA, = h„ (11) 
where I^, is the total energy passing through the actively con-
trolled window. In the winter mode, the insolation through the 
active window is equal to the sum of ground and beam radiation, 
because the window admits all light: 
h, = h, + 4,*sin (0,)*cos {\y, - y\). (12) 
By summing the daily insolation given by Eqs. (9) and (10) 
over time, the total amount of solar energy passing through the 
windows can be computed and compared. Although many fac-
tors have not been taken into account, such as the effects of 
glass and shade reflection, and the fact that the summer mode 
may also block ground radiation, the difference between the 
direct insolation for the two windows can be used as a general 
judge of the effectiveness of controlling the shades using the 
approach described previously. 
Equations (9) and (10) have been used to compute the energy 
flow through a window over the course of a year in Iowa, with 
the appropriate mode of control programmed-summer mode for 
May through September and winter mode for October through 
April. The results of these calculations are shown in Fig. 5, 
where the difference in energy flow through the two windows, 
one with fixed shades and one with actively controlled shades, is 
shown on a month-by-month basis as a function of the window 
orientation. The area under each curve would represent the total 
yearly energy savings. 
The data from these energy calculations suggest that the most 
significant savings would be achieved during the summer mode 
for east and west facing windows. This is due to the fact that 
highest solar altitude angles are low in regions where solar gain 
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window orientation 
(0=80iith) 
Fig. 5 Energy savings for active window compared to fixed tiorizontal 
shades 
is desirable in the winter, and very little of this gain is blocked 
by the fixed shades while in the horizontal position. In the 
summer, south-facing windows are not presented with the sun 
until later in the morning, when the solar altitude angle is al-
ready high. Fixed, horizontal shades block most direct beam 
radiation until after the sun has moved to the west and is no 
longer shining on the south facing window. Automatic control 
does offer some energy advantage, even for less favorable orien-
tations, by ensuring that the shades are not miss-positioned at 
an angle other than horizontal. 
East and west-facing windows will have more significant 
savings than south facing windows when comparing active con-
trol with a fixed horizontal shade. These savings are realized 
in the summer, when the sun rises and sets well to the north, 
providing significant direct beam radiation through the fixed, 
horizontal shades over the course of the morning or afternoon. 
The automated window operation not only blocks this direct 
gain, but also ensures that the shades are opened to horizontal 
during other parts of the day, thus saving on heat generation 
necessary for illuminating building interior. 
This analytical data is developed specifically for the 42 deg 
North latitude of Iowa, and the results would be slightly differ-
ent for other latitudes. However, the general results remain 
the same, that HVAC savings are negligible for south-facing 
windows, as compared with fixed, horizontal shades, and that 
the maximum energy savings will be for west-facing orienta-
tions when HVAC energy is being used to cool the building. 
Finally, experimental tests of an actively controlled window 
were performed to quantify the energy savings of the summer 
mode of the controller. These tests were done at Mobile Window 
Thermal Test Facility (MoWiTT) a controlled test facility in 
Reno, NV, owned and operated by Lawrence Berkeley Labora-
tory of the U.S. Department of Energy. Tests were designed to 
measure exactly the performance difference between the ac-
tively controlled shades, a set of fixed horizontal shades, and a 
window with no shades at all, and were performed with the 
windows in two orientations—facing west and southeast. 
In each test, identical windows were installed in the wall of 
a measured, instrumented control volume. The inside tempera-
ture of each control volume was maintained at a constant level. 
All known energy flows across the volumes were measured 
and accounted for, including radiant and conductive heat losses 
through the walls and energy added by the instrumentation, to 
determine the net power passing through the window over the 
course of a day. By summing this power over time and compar-
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ing the active window with both fixed shades and the open 
window, daily energy savings have been computed. 
Testing was performed between July 21 and July 29, 1994. 
The energy savings using the active window controller are sum-
marized in Fig. 6. Each column represents savings for a single 
day of operation, and it is interesting to note that the energy 
savings for similar days are extremely repeatable. In addition, 
performance on the partly cloudy day is seen to significantly 
reduce the advantage of using the active controller, as would 
be expected. For a very cloudy day, there would be no savings, 
since the active controller would position the shades horizon-
tally. 
The southeast-facing window experiences the least savings, 
because the comparative performance of the fixed horizontal 
shades is best when facing south. However, there is still seen 
to be energy savings for this orientation of approximately 2 -
2.5 MJ/m^ over the course of the day. Using this number as a 
representative savings, yearly energy savings of over 500 MJ/ 
m^ can be realized using the active control technique. 
Conclusions and Future Work 
A simple control philosophy for automatically adjusting Ve-
netian blinds has been developed, implemented, and tested. The 
dual mode approach requires human intervention only to choose 
the seasonal operating mode. The system provides automatic 
adjustment to accept direct solar gain in the winter and reject 
direct solar gain in the summer. In either mode, the shades are 
positioned horizontally when no direct light is shining on the 
window in order to maximize the interior illumination and pro-
vide occupants with outside visibility. The shades close during 
the night to provide privacy and added insulation. 
The automatic shades can provide year-round energy savings 
as well as the convenience of self-adjustment when installed in 
a window at any orientation. However, analysis has shown that 
the most significant savings can be realized with the controller 
operating in east and west-facing windows during the summer 
months. 
General testing of the windows has verified that the single 
control program operates satisfactorily in windows at any orien-
tation. Detailed and well-controlled testing has quantified the 
daily energy savings for windows in two orientations, facing 
west and facing southeast, for the summer mode. These experi-
ments indicate that important energy savings can be achieved 
by using the active control scheme. 
Fig. 6 Energy savings using active shades over a singie day 
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Further testing is needed to evaluate the potential for overall 
energy savings, including the impact of the automated shades 
on the interior lighting demands. Plans are under way to com-
pare the use of lighting energy with and without the automatic 
shades. This will allow evaluation of the potential for day-
lighting irnprovement along with any energy savings provided 
by the system. 
The controller used in the experiments were externally pow-
ered, and a personal computer and data acquisition equipment 
were used to implement the control scheme. A logical extension 
of this approach is to use the photovoltaics to power both the 
micro-controller and actuation motor, thus eliminating the need 
or supplying external power to the actively controlled window. 
Ongoing research is being conducted to develop a microproces-
sor controller powered only from a photovoltaic supply. The 
threshold and set-point parameters are influenced by the size 
and placement of the photosensors, the actuator motion resolu-
tion, and the accuracy of the data acquisition and control system. 
Testing is required to identify the summer mode ratio and 
threshold, appropriate motion gains, and zero thresholds for 
any new equipment used. This will result in a low-cost, self-
contained, maintenance-free unit window controller that offers 
energy efficient and convenient automatic window shade control 
without the need for site-dependent parameter tuning. 
Further refinement of the control strategy may also be possi-
ble to allow the window to detect and eliminate glare conditions. 
Augmentation of the control modes to provide manual setting 
of the shades is necessary to give occupants control for special 
conditions or personal preferences. 
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